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Abstract: 
The development of high-performance multifunctional polymer-based electronic circuits is a 
major step towards future flexible electronics. Here, we demonstrate a tunable approach to 
fabricate such devices based on rationally designed dielectric super-lattice structures with 
photochromic azo-benzene molecules. These nanodielectrics possessing ionic, molecular, and 
2 
 
atomic polarization are utilized in polymer thin-film transistors (TFTs) to realize high 
performance electronics with p-type field-effect mobility (FET) exceeding 2 cm2V-1s-1. A 
crossover in the transport mechanism from electrostatic dipolar disorder to ionic-induced 
disorder is observed in the transistor characteristics over a range of temperatures. The facile 
supramolecular design allows the possibility to optically control the extent of molecular and 
ionic polarization in the ultra-thin nanodielectric. Thus, we demonstrate a three-fold increase 
in the capacitance from 0.1 F/cm2 to 0.34 F/cm2, which results in a 200% increase in TFT 
channel current.  
 
 
Introduction 
Polymer field effect transistors (PFETs) are of great interest in the development of low-
cost, flexible electronics for sensors, smart cards, and non-volatile memories.1 Ongoing efforts 
in the design of molecular dielectrics2 and semiconductors,3-5 innovation in device 
geometries,6-7 as well as thin-film layer fabrication procedures8 and growth conditions9-10 have 
resulted in enhanced PFET performance with field-effect mobility (FET) > 1 cm2V-1s-1, 
switching speed > 1 MHz, and Ion/Ioff ~ 10
6.6, 11-14 Furthermore, polymer electronics provides 
an avenue for embedding multiple functionalities into a device structure for photo-detectors,15 
light emission,16-17 chemical sensors,18 and memory applications.19 The general strategy for 
introducing optical functionality in PFETs is to either directly photoexcite the semiconducting 
polymer layer or to excite the dielectric layer blended with photochromic materials.20-22 
Alternatively, interesting techniques such as the introduction of self-assembled photochromic 
(SAP) layers at the electrode or semiconductor-dielectric interface23-24 have also been utilized 
to modulate device properties such as interface disorder and contact resistance.25-29 However, 
in the majority of cases, the self-assembled layers are restricted to a single monolayer.30-31 As 
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a result, light-modulated photochromic processes can modulate the channel current (Ids) by 
less 20% in most reported systems.21 Towards this end, here we demonstrate the use of solvent-
stable self-assembled nanodielectrics (SANDs) based on alternating organic and inorganic 
layers that exhibit polarization variation with optical and electrical stimuli.32 The photochromic 
properties of the organic layer33-35 in SAND with a PFET geometry are used to tailor the 
dielectric capacitance and interface trap density in the device to reversibly tune the drain current 
Ids by up to 200 %.  
 In a PFET, the charge transport occurs in the semiconducting channel at the 
semiconductor-dielectric interface and thus, the polarization of the dielectric layer significantly 
modifies the transistor characteristics. In general, high-k inorganic dielectrics such as Al2O3, 
HfO2, Ta2O5 or organic dielectrics such as PVDF based on molecular dipoles, modify the 
charge transport in PFETs unfavorably due to the development of a polarization cloud that 
increases the effective mass of the charge carriers.36-41 In contrast, dielectrics based on ionic 
polarization, such as electrolytes or ionic liquids; have low interfacial disorder due to increased 
charge density and charge screening, resulting in enhanced field-effect mobilities.42-43 In this 
study, we utilize hafnia-based SAND dielectric structures consisting of inorganic HfOx layers 
and organic -conjugated based 4-[[4-[bis(2-hydroxyethyl)amino]-phenyl]diazenyl]-1-[4-
(diethoxyphosphoryl) benzyl]pyridinium bromide (PAE) layers having Br- ions. The overall 
polarization in the SAND structures has contributions from the lattice dipoles of HfOx, 
molecular dipoles of the PAE groups, and ionic polarization from the bromide anions present 
in the superlattice.2, 44-45 In addition, the transport characteristics also indicate a transition from 
a conventional electrostatic dipolar disorder to ionic-induced disorder, as extracted from the 
direction of hysteresis that is tracked in the temperature-dependent transfer characteristics. We 
then utilize the photochromic nature of the polar PAE molecule to optically switch between the 
isomeric cis/trans isomers of the stilbazolium cation and analyze the effect of this isomerization 
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on the overall dielectric constant of the SAND superlattice. This optical switching of the 
dielectric constant is utilized in a PFET geometry to modulate charge transport, understand the 
role of ionic polarization in the SAND structure, and realize photoresponsivity (R) in SAND-
based PFETs as high as 2 A/W. 
Results and Discussion: 
Bottom-gate/top-contact thin-film transistor (TFT) devices were fabricated on glass 
substrates having Al as the gate contact (30 nm thick) coated with a SAND dielectric multilayer 
(see the Supporting Information for details). Both n-type (N2200) and p-type (PBTOR) 
semiconducting layers were next deposited by spin-coating, and the devices were completed 
by thermal evaporation through a shadow mask of 30 nm thick Al and Au source-drain contacts 
(W/L = 1000/60), respectively. Both n-FETs and p-FETs exhibit well-defined linear and 
saturation regime transistor characteristics at low operating voltages of Vd, Vg = |5 V|, as shown 
in Figures 1 and S1. Considering the fact that the transfer characteristics exhibit hysteretic 
behavior which is dependent on the Vg sweep rate (Figure 2), the FET values are estimated 
from the forward sweeps in the transfer curves measured at the fastest sweep rate where the 
hysteretic behavior is negligible. The performance parameters extracted in the saturation 
regime are as follows: 𝜇𝐹𝐸𝑇
𝑝
 ~ (2.3  0.3) cm2V-1s-1, 𝜇𝐹𝐸𝑇
𝑛  ~ (0.1 0.08) cm2V-1s-1, and Ion/Ioff ~ 
104 – 105. It is instructive to examine the hysteresis in the Id(Vg,T) characteristics for the SAND-
based PFETs to understand the transport mechanism and factors affecting the polarization of 
the SAND dielectric layer. Hysteresis in the transconductance characteristics of PFETs have 
been attributed to factors such as trapping at the interface states, arrangement of dipoles in 
ferroelectric systems, and/or existence of mobile ions.46-47 This hysteretic PFET behavior can 
be characterized by the threshold voltage shift (Vth) and the direction of the hysteresis loop. 
We define the threshold voltage shift as: Vth  Vth,R - Vth,F where, Vth,R and Vth,F are the 
threshold voltage in the reverse and forward sweep, respectively. Our measurements indicate 
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a clear distinction between the observed temperature-dependent hysteretic behavior of the n-
type and p-type FETs. As shown in Figure 1, upon increasing the temperature from 100 K to 
360 K, it is observed that the area enclosed between the hysteresis curves (Figure 1d) and the 
corresponding Vth (Figure 1e) increase for the PBTOR-based p-FETs. The clockwise 
direction of the hysteresis loop close to room temperature and an increase in the hysteresis with 
temperature is in contradiction to the typical hysteresis originating from electronic trapping.48-
52 Nevertheless, this trend is similar to the hysteresis behavior observed for PFETs having 
electrolyte or ionic liquid based dielectric layers52, where the hysteresis originates from 
increased diffusion of ions at the interface that affects the electronic charge density at the 
interface.  
In addition, the existence of an ionic diffusion dominated hysteresis mechanism is in 
the present case is also indicated from the exponential variation of the hysteresis with 
temperature (similar to ionic diffusion with temperature), which exhibits an Arrhenius 
activation energy of ~ 150 meV (Figure 1). The onset of the exponential variation can then be 
correlated with the temperature at which the ionic diffusion becomes dominant, as shown by 
the linear extrapolation in Figure 1d. Under similar conditions, the FETs fabricated with 
N2200-SAND exhibit no variation in hysteresis with change in temperature (Figure S2). Based 
on these observations, we conclude that the mobile ions that contribute to hysteresis are more 
significantly affected by negative Vg than positive Vg. In other words, the hysteresis behavior 
for p-FETs originates from thermally-activated diffusion of the Br- ions, thereby increasing the 
observed hysteretic behavior with increasing temperature. However, in the case of n-FETs the 
effect of ionic hysteresis is not observed because the PAE+ ions are immobilized by the 
inorganic HfOx layers via sigma P-O bonds, thus preventing ionic diffusion.
53-55 Considering 
the fact that there is no change in the off-current of the SAND-based PFETs (Figure 1c), note 
that although significant ionic polarization is observed in the hysteresis, the existence of the 
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top HfOx capping layer prevents unwanted doping of the semiconductor. Furthermore, the 
presence of mobile ions at the semiconductor-dielectric interface can result in two sources of 
disorder: one originating from the electrostatic disorder due to traps in the dielectric, and 
another due to the ionic polarization at the semiconductor-dielectric interface.56 The direction 
of the hysteresis sweeps can be used to track these different sources of interfacial disorder.43, 
46 In general, hysteresis originating in electrolyte or ionic liquid based PFETs has lower channel 
current in the forward sweep that increases in the reverse sweep mainly due to the increased 
density of the ions at the interface with Vg bias.
42, 47 Analysis of the hysteresis direction of the 
present p-FETs indicates a transition from an anti-clockwise trap-dominated hysteresis at low 
temperature to a clockwise ionic polarization dominated hysteresis for temperatures above 260 
K. Note that the temperature corresponding to the change in direction of hysteresis is similar 
to the temperature corresponding to the onset of ionic diffusion (~ 270 K  10 K) obtained in 
Figure 1d, indicating that ionic diffusion is observed only above 260 K.47, 52 
Further evidence for the existence of ionic polarization at the SAND-semiconductor 
interface is obtained from the sweep rate variation of the transfer measurements for the SAND-
based PFETs. In trap-limited transport, Vth and the area between hysteresis curves decreases 
with slowing sweep rate, due to charge carrier trapping and detrapping.48, 57-58 However, when 
the transport has a contribution from ionic polarization, an increase in |Vth| is observed with 
a decrease in the Vg sweep rate predominantly due to the relaxation mechanism of the ions at 
the dielectric-semiconductor interface.42, 52 As is evident from Figure 2, at 300 K |Vth| 
increases from near negligible values (below the step size used for the Vg sweep) to up to 450 
 150 mV when the sweep rate is decreased from 0.5 V/s to 0.05V/s. The observed variation 
in the hysteresis is significant when the devices are operated close to room temperature versus 
when they are measured at 100 K (Figure S3,S4), a classic signature of ionic transport.42, 47  
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Next, we examine the photo-excitation of the SAND dielectric for reversibly 
modulating the polarization and channel current. The SAND-semiconductor interface was 
illuminated with a UV source ( ~ 365 nm, P ~ 14 mW/cm2) and visible light sources ( > 400 
nm, P ~ 2 mW/cm2) while carrying out transistor or capacitance measurements. A schematic 
illustration of the trans-cis photo-isomerization of the azo benzene34 based PAE moiety is 
shown in Figure 3a and the corresponding optical absorption variation is shown in Figure S5. 
DFT simulations based on B3LYP hybrid functional and 6-31G(d,p) implemented in a 
Gaussian 09 suite estimate the dipole moment of a single polar PAE molecule changes from 
14.46 D in the trans-state to the 8.65 D in the cis-state upon photoisomerization. 
Correspondingly, the dimension of the PAE molecule changes from 16.14 Å to 7.49 Å (details 
in Figure S6). Consequently, the thickness variation due to geometrical isomerization of the 
SAND structure under photo-isomerization would essentially compensate the change in the 
dipole moment, resulting in no expected variation in capacitance upon illumination if molecular 
dipoles were the only factor contributing to the polarization of the SAND structure.  
       We then measured the capacitance of the SAND structure using a metal-insulator-metal 
structure consisting of an ITO/SAND/Al trilayer. Typical capacitive response of the SAND 
layer upon illumination with UV and visible wavelengths is shown in Figures 3b and S7. We 
observe that the capacitance of the SAND layer can be reversibly increased 3-fold (0.11 F/cm2 
to 0.34 F/cm2) and decreased (0.34 F/cm2 to 0.14 F/cm2) upon illumination with UV and 
visible wavelengths, respectively (Figure 3c) in apparent contradiction of the DFT 
calculations. This variation in the capacitance indicates that there are additional mechanisms 
responsible for the photo-response. To confirm the electrical integrity of the SAND 
superlattices, the displacement/leakage current was monitored upon continuous visible ( > 
400 nm) and UV ( ~ 365 nm) illumination for 30 minutes (Figure S7), which indicates no 
evidence for breakdown of the dielectric structure. However, the impedance loss spectroscopy 
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measured under UV and visible illumination indicates a significant increase in the loss 
corresponding to low frequency ionic relaxation, which is consistent with an increased ionic 
movement under UV illumination (Figure S7b). Therefore, the observed variation in 
capacitance can be attributed to the change in the ionic polarization due to the geometrical 
rearrangement of the PAE molecular dipoles under illumination. Scanning capacitance 
microscopy (SCM) measurement of the SAND layer performed upon illumination indicates an 
overall reversible modification of the surface polarization upon UV illumination (Figure S8). 
The SCM measurement only accounts for a 10% change in polarization. This can possibly be 
attributed to the fact that the total polarization originates from the combination of the bulk and 
surface polarization (details in Supplementary Information page S4).  
      In addition, the SAND-based PFETs show an increase in Ids upon illumination with visible 
light due to an increase in photo-generated charges (Figure 4a). Correspondingly we observe 
a change in threshold voltage from 1.2 V in dark to 1.4 V on visible illumination and 1.6 V 
under UV illumination. This slight variation in the Vth can be attributed to the photo-induced 
charges and ionic polarization, respectively. The effect of dipolar disorder induced changes in 
the Vth is not observed because of the presence of ODPA interlayer and smooth SAND-
semiconductor interface.11 Note that, with the choice of wavelength for UV illumination, it was 
ensured that the p-type polymer PBTOR has a minimal absorption at 365nm (Figure S9). Upon 
UV illumination, the SAND-based PFETs show an obvious increase in hysteresis at 300 K, 
which is not present when the same devices are UV illuminated at 100 K (Figure 4b), 
indicating the dominant effect of ionic polarization. In general, an increase in the hysteresis 
upon UV illumination in PFETs has been attributed to UV-induced trap formation in the 
transport layer59-61. Hence, in order to isolate potential artefacts which can arise due to UV 
illumination on the p-type polymer, a control measurement was performed on BCB dielectric 
layer based p-FETs (Figure S10). A much smaller enhancement (~15%) in the Ids is observed 
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upon UV illumination, in accord with the low absorption coefficient for the particular 
wavelength of 365 nm (Figure S9). In contrast, upon visible light illumination, a much larger 
enhancement in the channel current of up to 200%, with a typical R ~ 12 A/W, is observed for 
the BCB-based p-FETs. Nevertheless, the devices exhibit excellent stability in the channel 
current even after continuous UV illumination for more than 30 minutes. Hence, it can be safely 
concluded that UV-based generation of traps or other potential damage to PBTOR can be 
neglected in the present case (Figure S10, S11). Moreover, unlike the SAND-based p-FETs, 
the hysteresis behavior is not altered upon UV or visible illumination for the BCB-based p-
FETs. Hence, it appears likely that UV illumination isomerizes the PAE to the cis-isomer, 
which geometrically increases the diffusivity of the Br- ions and thus, the transfer curve 
hysteresis. The intrinsic photosensitivity of the SAND-based p-FETs under Vg variation with 
visible and UV illumination is shown in Figure 4c. After compensating for the photoresponse 
due to photogenerated carriers generated by UV absorption, we estimate R values for a six-
layer SAND (thickness ~ tens of nms) given by the expression: (𝐼𝑑
𝑈𝑉+𝐼𝑠𝑜𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 −  𝐼𝑑
𝑈𝑉)/𝑃𝑖𝑙𝑙 
to be ~ 2 A/W , where 𝐼𝑑
𝑈𝑉 corresponds to the channel current obtained upon UV illumination 
for BCB-PBTOR devices and 𝐼𝑑
𝑈𝑉+𝐼𝑠𝑜𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 corresponds to the channel current under UV 
illumination for SAND-PBTOR devices. This approach to obtain the effect of isomerisation on 
the photo-response is reasonable since similar visible photoresponse of ~ 10 – 12 A/W is 
observed on both SAND-PBTOR as well as BCB-PBTOR devices (Figure S10).  
       Upon UV illumination, the transfer curve gradually shifts and saturates after 40 minutes, 
presumably reaching an equilibrium state where photo-isomerization is no longer possible 
(Figure 4d). The observed variation in the transfer characteristics can then be related to the 
associated ionic polarization change due to the PAE photo-isomerization which in turn 
increases the Br- ion diffusivity. On the other hand, when the devices were illuminated with 
visible light, reverse isomerization increases and Ids decreases with an observed decrease in 
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hysteresis. The decrease in the channel current occurs until the point in which the Ids is 
dominated by excess photogenerated charge carriers. Hence, complete reversibility to the dark 
current levels is not possible with Al gated SAND- FETs. Based on the time evolution of the 
channel current under UV and visible illumination (Figure S12b) it is possible to estimate the 
fraction of photoisomerization to be 54.5% (details in Supporting Information S7). 
Nevertheless, to ensure complete reversibility we fabricated ITO-gated SAND FETs which 
allow illuminating the device from dielectric side. Figure 4e depicts the transfer characteristics 
measured under UV, visible and dark conditions which exhibits essentially complete 
reversibility. This lack of reversibility in SAND-FET system due to UV and visible 
illumination is a limitation of this system which originates in the ionic relaxation mechanism 
of the SAND system (detailed discussion in Supporting Information page S7). When the 
pristine devices (SAND is thermodynamically stable in the trans configuration) are exposed to 
visible illumination that involves no isomerization, the reversibility of the transfer curves is 
instantaneous at 300 K (Figure 4f). On the basis of this property, SAND-based PFETs are well-
suited for non-invasive light-based multi-state memory devices. However, the ability to realize 
non-volatile memory effects in these photo-isomeric based PFETs is limited by the 
thermodynamics of the photo-isomerization process and the associated Br- ion relaxation which 
exhibits typical Arrhenius behavior.24 Nevertheless, as a proof-of-concept, Figure S12 shows 
a series of transfer plots obtained with dark, visible, and UV illumination that correspond to 
different SAND-PFET logic states. 
Conclusions 
Here we utilize self-assembly chemistry to design photo-tunable nanodielectric films. These 
nanodielectric films exhibit reversible capacitance modulation from 0.1 F/cm2 to 0.3 F/cm2 
upon photo isomerization. Photo-tunable nanodielectrics are then used as dielectric layers in 
PFETs demonstrating FET > 2 cm2V-1s-1 at low operating voltages of Vd = Vg = 5 V and a 
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strong photoresponsivity of up to 2 A/W originating from the isomerization of the organic 
phase in the nanodielectric films. This strategy enables the isolation and differentiation of ionic, 
molecular, and atomic polarization contributions at the dielectric/semiconductor interface in 
the same FET device and also enables multifunctional bistable optoelectronic memory devices.  
Experimental Section 
Materials: Conjugated Polymers PBTOR (Mn = 5.2 kDa, PDI = 3.2) and N2200 (Mw ≈ 180 kDA, PDI 
= 3.89) were procured from Polyera Corp., USA. The precursor for HfOx dielectric fabrication, HfCl4, 
and n-octadecylphosphonic acid (ODPA) for surface modification were obtained from Sigma Aldrich 
Inc. ITO coated glass slides were obtained from Xinyan Technologies Ltd.  
FET fabrication: Bottom-gate/top-contact devices were fabricated by coating patterned Al (10-6 mbar, 
1 Ao/s, 30 nm thick) gate electrodes on pre-cleaned RCA glass substrates. For transparent PFETs, ITO 
was patterned and used as the gate electrode. This was followed by Hf-SAND growth (six layer iterative 
growth) as described in Reference 7a. The surface of the Hf-SAND layer was modified by self-assembled 
monolayers (SAMs) of ODPA. Phosphonic acid based SAMs were prepared by immersing the SAND 
coated substrates in a 2 mM ethanolic solution of ODPA overnight, rinsing in EtOH, and drying under 
a nitrogen stream. Polymer active layers (50 nm) PBTOR and N2200 were spin-coated from a 10 mg/mL 
solution in chlorobenzene at 1000 rpm for 1 min. The active layers were annealed in nitrogen 
atmosphere at 1100 C for 30 mins. This was followed by coating patterned aligned Au S-D electrodes 
(10-6 mbar, 1 Ao/s, 30 nm thick) to complete the device fabrication. Capacitance measurement was 
performed using a standard M-I-M structure where the metal layers were evaporated using the similar 
procedure as the FET fabrication.  
Electrical Characterization: Standard PFET characterization was performed using a Keithley 4200 
SCS, and the capacitance measurements were performed using a HP4294A unit. FET(T) was estimated 
by varying the T using a He gas based set up from Cryogenics Technology Ltd. Photo-FET 
measurements were performed for samples inside the cryo chamber by illumination through the 
chamber watch glass with sources: UV LED ( ~ 365 nm, P ~ 14 mW/cm2) from Hamamtsu Co. and 
ultra bright LED ( > 400 nm, P ~ 2 mW/cm2) from Phillips. The reported power values are the power 
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measured through a standard Si detector when placed at the sample position in the cryostat. Since the 
isomerisation process is a dynamic process, unless otherwise specified, all the transfer curves shown 
are after near complete isomerisation (after which no further change in channel current is observed 
upon further illumination) which is generally observed in our case to be after 30-40 minutes.  
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Figures:  
 
Figure 1. (a) Output characteristics of SAND based p-FETs (L = 60 m, W = 1 mm) fabricated with 
the PBTOR semiconductor; inset shows the chemical structure of PBTOR. (b) Low temperature (inset 
shows the structure of PAE moiety) FET transfer characteristics; (c) high temperature transfer 
characteristics of same FET measured at a sweep rate of 0.5V/s; (d) variation of area under the transfer 
curves “A” for the same FET when measured with a sweep rate of 0.5 V/s; (e) variation of threshold 
voltage difference between the forward and reverse sweep with temperature for different sweep rates 
of Vg.  
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Figure 2. Effect of the variation of Vg sweep rate on the hysteresis of the transfer characteristics of 
SAND-based p-FETs (a) 0.05 V/s; (b) 0.2 V/s; (c) 0.5 V/s. Also shown is the linear fit to Id0.5 with Vg 
indicating that the Vth shift corresponds to the forward and reverse sweep.  
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Figure 3. (a) Schematic of photo-transistor and the mechanism of the trans-cis photo-isomerization of 
the SAND layer. (b) Capacitance versus frequency behavior indicating the variation in capacitance upon 
illumination measured using a metal-insulator-metal structure. (c) Magnitude of the capacitance 
variation at 40 kHz under UV and visible illumination. 
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Figure 4: Variation in the hysteresis behaviour of transfer characteristics measured at 0.5 V/s upon 
visible ( > 400 nm) and UV illumination ( = 365 nm) at (a) 300 K and (b) 100 K on a different SAND-
PBTOR device (L = 60 m, W = 1 mm). (c) Responsivity as a function of Vg upon visible ( > 400 nm) 
and UV illumination ( = 365 nm) of the same device. (d) Time evolution of the transfer characteristics 
upon UV illumination and consequent visible illumination indicating the effect of the isomerisation 
process. (e) Variation in the hysteresis behaviour of transfer characteristics measured at 0.5 V/s upon 
visible ( > 400 nm) and UV illumination ( = 365 nm) depicting the effect of forward and reverse 
isomerisation. (f) Reversibility of the FET response upon visible illumination “Visible Cycle” and 
switching off cycles “Dark Cycle”. 
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